Introduction:
Membrane curvature is very important when one thinks about various cellular processes such as cellular movement, division and vesicle trafficking and more specifically synaptic vesicle endocytosis and the organization of the T tubule network in muscle cells. It is equally important to understand the force driving the curvature of the lipid membranes and the mechanism by which this process occurs. Traditionally, scientists have seen membrane curvature as a passive result of cellular activity. Today, many studies have concluded in agreement that protein domains called BAR domains are the structures that participate in and steer membrane curvature.
The BAR (Bin-Amphiphysin-Rvs) Domain is a conserved dimerization protein domain which senses membrane curvature and binds to the lipid plasma membrane. The Amphiphysin protein family, which contain the BAR domain, are thought to be the modulators of the early phases of endocytosis and intracellular transport. It is theorized that this crescent shaped domain dimer show a preference for binding to highly curved, negatively charged membranes.
It has been noted that in mammals and higher organisms, the BAR domain with an Nterminal amphipathic helix and BAR domain (N-BAR) can drive the membrane curvature both in vivo and in vitro. The N-terminal helices are unstructured in the absence of membranes. In the presence of membranes, the N-terminal helices fold and insert into the bilayer. Upon insertion of the N-terminal helix, there is further induction of curvature and membrane curvature is stabilized by the BAR domain.
BAR domains are also found in conjunction with PH and PX lipid binding domains and are often sensitive to membrane curvature, preferring highly curved membranes. Studies have Page 2 of 14 also discovered types of BAR domains other than N-BAR. This has led to the creation and categorization of the BAR Superfamily indicated in the figure below.
Diagram from http://www.endocytosis.org/F-BAR_proteins/BAR-Comparisons.html
Differences between N-BAR, F-BAR and I-BAR are degree of the domain curvature, membrane selectivity, and mechanism of membrane bending.
We have studied the BAR domain in the small flowering plant, which is widely used as the model for plant biology, Arabidopsis thaliana, where it's function remains largely unexplored. We have modeled BAR domains of Arabidopsis thaliana using an automated modeling pipeline with manual refinement methods and investigated their mechanism relative to other higher organisms. We have identified seventeen non-redundant domain sequences in Arabidopsis thaliana, which can be grouped into three different classes, based on their electrostatic profiles and domain architecture. We provide new insight into the features of plant BAR domains including distinct electrostatic profiles for domain sequences categorized within the same class and atypical electrostatic profiles showing a concentration of negatively charged residues at both extremities of the structural fold. Our results are important in understanding the differences in signaling through BAR domains in plants and its implication in plant signaling and membrane trafficking.
Methodology:
We propose that the most effective way to identify and fully clarify BAR domains in A.
thaliana is using a number of bioinformatics approaches including comparative modeling, sequence to profile analysis, and multiple sequence and structure alignments. The goal is to investigate whether BAR domains in A. thaliana are unique or similar to BAR domains found in higher organisms.
Obtaining the BAR Domain sequences
The BAR Domain sequences for the A. thaliana were retrieved from publicly available databases: NCBI (Wheeler et al., 2003) , SMART (Ponting, Schultz, Milpetz, & Bork, 1999) and PIPELINE (CITE). Sequences obtained through NCBI and SMART were via simple keyword searches. PIPELINE identified additional sequences that were not identified by NCBI or SMART as BAR domains.
Homology Modeling Methodology
To generate high quality models for the BAR domains, we have adopted a scheme based on the use of multiple approaches at each step: (1) choosing a suitable structural template, (2) alignment of the target and template sequences, (3) model building, and (4) model evaluation and refinement.
Structural Templates
The three-dimensional models that I propose to build will be based on structures that are already known. This known structure is called a structural template. The structural template is a gene, protein or morphological structure that is similar in DNA sequence, amino acid sequence and function between organisms of different species. Since the tertiary structure of the structural template is already known, it will act as the mold on which my models will be based.
In order to obtain the most unbiased structural templates, the BAR domain sequences were submitted to several programs. These programs FUGUE (Shi, Blundell, & Mizuguchi, 2001 ) and 123D+ (Alexandrov, N.N., Nussinov, R., and Zimmer, R.M., 1996) run on separate algorithms and assign scores based on different biochemical properties. Thus, they give a multitude of structural templates, all based on different factors. The structural templates are ranked based on the likelihood of the target sequence (BAR) to conform to the same tertiary fold as the template.
The output of these computational tools is alignment files. These alignment files contain a comparison between the primary structure (amino acid sequences) of the template and that of the BAR domain. Subsequently .ALI and .TOP files must be generated for each of the template/BAR alignments. This primary step is needed to start the homology modeling process (Singh & Murray, 2003) . Sequences identified by PIPELINE were already aligned to templates using FUGUE and .ALI files were created.
Sequence Alignment
The alignment of the template and the target sequences is unequivocally the most important step in generating high-quality models, as the accuracy of the modeled structure has been proven to depend on the quality of the alignment (Ceslovas Venclovas, Adam Zemla, Krzysztof Fidelis, John Moult, 2001). Therefore we used a number of different approaches to generate the sequence alignment so as to combine information for the sequence, sequence profiles, secondary structure profiles, and fold recognition. The different programs that Generally, manual editing of the alignment in these regions improved the profile of a model (Singh & Murray, 2003) . The multiple sequence alignment of the BAR domains depicted in Figure was constructed by using the program Genedoc (CITE) in order to highlight overall features of the family that are either conserved across A. thaliana.
Model Building
The results obtained from FUGUE were used to construct the homology models because there was a high sequence identity between the target and the template. The models were built using the UNIX program Nest (Z. Xiang and B. Hoing, unpubl.). Nest generates .PDB files for all the target sequences. These files are generated from .ALI. .PDB files are needed in order to create a visual model and to perform verification techniques. BAR domains identified by PIPELINE were modeled using the program MODELLER.
Models are generated for the two most highly ranked structural templates. This enables a more efficient and unbiased analysis of the models. From these models, the best one is selected as the representation of the specific BAR domain. This selection process is done by a series of verification programs.
It is important to note that the BAR domain sequences initially obtained are monomers.
Because the BAR domains function only as crescent shaped dimers, we also had to build the monomeric sequences into dimer structures. To do this, we used the crystallized dimer of known BAR domains as templates for spatial arrangement in creating the A. thaliana BAR dimer. The program CE Protein (Tsigelny et al, Prot Sci, 2000, 9: 180) was used for this task.
Model Verification
The quality of the three-dimensional models was assessed by two programs:
Verify3D and Prosa-Web. Verify3D tests the compatibility of a protein structure with its amino acid sequence (Luthy, Bowie, & Eisenberg, 1992) and constructs a profile for the threedimensional model in which each residue position is characterized by its environmental score.
This score is derived from statistical analyses of high-resolution protein structures from the PDB (Berman et al., 2000) . The Verify3D profile is graphically represented by the numerical scores as a function of the residue number in the structure or model. For high-resolution, experimentally determined structures, the Verify3D scores are positive and consistently high (>0.2), indicating that they provide a reliable means to assess the quality of a protein structure. It has been proven that homology models constructed based on alignments to templates of decreasing sequence similarity have correspondingly degraded Verify3D scores, indicating that Verify3D can assess the quality of modeled structures, as well as discriminate among potential models for a single sequence. Because scores are calculated for each residue, the Verify3D profiles were used to identify unreliable regions that had been modeled improperly; these were subsequently improved by manually editing the alignment between query and template sequences (Singh & Murray, 2003) Prosa-Web calculates energy profiles for a structural model by using a molecular mechanics force field (Wiederstein & Sippl, 2007) . From these energies, two characteristics of the input structure are derived and displayed on the web page: its z-score and a plot of its residue energies. The z-score indicates overall model quality and measures the deviation of the total
Discussion and Conclusion:
Based on our models thus far, we conclude that the models are very similar to N-BAR domains studied in Drosophila. Based on the model's electrostatics we can see the large positive charges (represented by the blue area) found on both ends of the crescent. These positive charges indicate the location of the N-terminal helices which bind to the negatively charged surface of lipid membranes. In Figure 2 , Picture B, we can see the positive areas in the concave surface of the BAR domain. It is in that area where further membrane curvature occurs and is stabilized.
What is interesting in our findings, are the differences between the three classes. Class I and II seem to be exactly the same. However, if we take a closer look at the models in Class II, we can see that there is a large negative region (represented by the red area) that stretches throughout the center of the dimer. We believe that this difference could be the result of the BAR domain's association with the adjacent PH domain, as seen in the domain architecture for that class. Even more interesting is the model we obtained in Class III. We can see in that model that the positive charges at the terminals of the dimer are completely replaced with large negative charges. BAB10160 is also associated with a PX domain as indicated in the domain architecture.
These findings beg various questions, the first of which, why do we see such differences and are those differences a consequence of interactions with adjacent domains? It seems appropriate to hypothesize that the differences in electrostatics translate into various ranges of membrane selectivity and binding preferences of the BAR domain. Answers to such questions and more will, of course, come from further analysis. Finally, there is still much work to be done in further refining our existing models and creating additional models.
